Three anuran species (Rana perezi, Xenopus laevis, and Bufo calamita) of different phylogenetic origins and ecological habitats have been studied during ontogeny with respect to day/night changes in whole-body concentrations and total content of extrathyroidal thyroxine (T 4 ) and triiodothyronine (T 3 ). There were no significant day/night changes in thyroid hormones (TH) during embryonic stages. Daily cycles in TH with higher nocturnal values appeared during premetamorphosis in R. perezi and X. laevis. Cyclicity disappears for T 3 , while it is reversed for T 4 , in prometamorphic R. perezi and X. laevis. In contrast, there were significantly higher T 3 (0.74 6 0.13 ng/g) and T 4 (2.08 6 0.54 ng/g) levels at night in prometamorphic B. calamita. Significant daily changes in T 3 and T 4 with higher nocturnal values (T 3 , 788.29 6 118.38 pg/g; T 4 , 1.95 6 0.4 ng/g) were again seen in X. laevis at the end of climax, while in B. calamita low TH values appeared at early scotophase and there were no significant changes in R. perezi at this time. Similar daily profiles were observed for TH whole-body concentrations and total contents. r 1997 Academic Press
Daily variations in thyroid activity occur in mammals (Nicolau and Haus, 1992; Bitman et al., 1994) . Diel rhythms in thyroid function are also seen in teleost fish, and it appears that feeding schedule and/or photocycle are primary entraining factors (Brown, 1988; Leatherland et al., 1992; Spieler, 1992) . In contrast, diurnal fluctuations in plasma thyroxine (T 4 ) are minimal in a turtle (Licht et al., 1985) .
Amphibian diurnal oscillations in thyroid activity are sparsely described. Diel cycles in plasma triiodothyronine (T 3 ) and thyroid T 3 and T 4 total contents in adult male Rana ridibunda before and after hibernation have been reported (Kü hn et al., 1983) , with daily changes in circulating thyroid hormones (TH) noted in neotenic Ambystoma tigrinum in spring (Norris et al., 1981) . Further, Gancedo et al. (1996) described daily cycles in thyroid activity in adult Rana perezi.
With respect to larval anuran amphibians, Weil (1986) suggested that the differences found in plasma T 4 in Rana clamitans larvae compared with previous studies on T 4 levels (Rana catesbeiana: Miyauchi et al., 1977; Regard et al., 1978; Mondou and Kaltenbach, 1979; Suzuki and Suzuki, 1981 ; Xenopus laevis: Leloup and Buscaglia, 1977; Buscaglia and Leloup, 1980) could be due to possible daily rhythms in thyroid secretion. Unfortunately, most of the previous studies on TH during amphibian ontogeny do not specify either the sampling schedule or the photoperiod. Moreover, exogenous T 4 in anuran tadpoles at different times in the light:dark cycle shows circadian variations in target tissue responsiveness (Rana pipiens: Wright et al., 1986 Wright et al., , 1990 ; X. laevis: Burns et al., 1987) , suggesting rhythmicity in the secretion of endogenous T 4 and/or in the receptor availability or even in peripheral deiodination since it is generally agreed that T 3 is the main bioactive hormone (Buscaglia et al., 1985) . Indeed, a circadian rhythm of thyroid T 4 secretion occurs in prometamorphic and climax Rana tadpoles (Wright et al., 1995) .
Although there are many reports on TH (mostly plasma T 4 ) changes during anuran development, only a few species have been examined: R. catesbeiana (Miyauchi et al., 1977; Regard et al., 1978; Mondou and Kaltenbach, 1979; Suzuki and Suzuki, 1981) , Rana esculenta (Schultheiss, 1980) , X. laevis (Leloup and Buscaglia, 1977; Buscaglia and Leloup, 1980) , and R. clamitans (Weil, 1986) . Whole-body variations in TH concentration have been evaluated during metamorphosis in Bufo japonicus (Niinuma et al., 1991) and Bufo marinus (Weber et al., 1994) . The latter study is the only one to analyze changes in total content of TH and the first to determine TH in embryonic stages, prior to thyroid differentiation, although the presence of TH was previously suggested in B. japonicus (Hanaoka et al., 1973) .
The aim of the present study was to assess day/ night changes in TH during ontogeny in three anurans (R. perezi, X. laevis, and Bufo calamita) which belong to different suborders (Archaeobatrachia and Neobatrachia) and families (Ranidae, Pipidae, and Bufonidae).
MATERIAL AND METHODS

Animals
Embryos and larvae from three anuran species: R. perezi (Ranidae), X. laevis (Pipidae), and B. calamita (Bufonidae) were used. Fertilized eggs from R. perezi were obtained by either in vitro fertilization (Delgado et al., 1984) or spontaneous spawning in the laboratory, whereas for X. laevis they were obtained by injecting human chorionic gonadotropin into sexually mature males and females (Nieuwkoop and Faber, 1967) . Fertilized eggs of B. calamita were collected in the field (Soria, northwest Spain). Stages of development were assessed according to Gosner (1960; G) for R. perezi and B. calamita and to Nieuwkoop and Faber (1967; NF) for X. laevis. Animals were maintained in filtered tap water under 12L:12D photoperiod (lights on at 0600 hr) and 25 6 1°, and larvae were fed boiled spinach ad libitum.
Experimental Design
Embryos at the hatching and feeding start time, preand prometamorphic larvae, and late-climax animals were selected for TH determinations in R. perezi and X. laevis, whereas prometamorphic and late-climax animals were used for B. calamita (Table 1) . Animals (n 5 4-12/sampling time/stage, see Table 1 ) were frozen on solid CO 2 at three times during the scotophase (2000, 0000, and 0400 hr) under a dim red light and once during the photophase (1200) of 24-hr cycles. Animals were pooled or not (Table 1) , depending on size and stage, to ensure assessment of thyroid hormonal contents. 
Determination of Thyroid Hormones
TH were extracted and measured following Morreale de Escobar et al. (1985) with minor modifications for anuran larvae (Gancedo et al., 1992) . Briefly, whole tadpoles without prior proteolytic digestion were homogenized in methanol (3-4 ml/g wet body wt). The extracted thyroid hormones are likely to represent the extrathyroidal pools of T 4 and T 3 , and do not include the intrathyroidal iodothyronine residues in thyroglobulin (Gancedo et al., 1992) . Therefore, both blood and tissue contents were determined, but not synthesized unsecreted TH. Trace amounts of high specific activity (3000 µCi/µg) [ 131 I]T 4 and [ 125 I]T 3 were added to each sample for individual recovery calculations. Chloroform:methanol (2:1) was used to extract in two steps, with centrifugation for 15 min at 800g, and iodothyronines were then back-extracted into an aqueous phase with 0.05% CaCl 2 . Finally, iodothyronines were concentrated and further purified with Bio-Rad AG 1 3 2 resin columns. Recoveries of extracted iodothyronines usually ranged from 60 to 85% for T 3 and 50 to 70% for T 4 . Interference of these tracers in the radioimmunoassays (RIAs) was insignificant.
T 4 and T 3 were determined by highly sensitive and specific RIAs (Obregón et al., 1979) . Cross-reactivities of the TH RIAs have been published (Ruiz de Oñ a et al., 1991) . The cross reactivity for T 4 in the T 3 RIA (1.1%) was not considered in the calculations, nor was that for T 3 in the T 4 RIA (1.2%). The limits of detection were 1.5 pg T 4 and 0.78 pg T 3 per tube. The intra-and interassay coefficients of variation were 3.23 and 4.16% (1.56 pg, n 5 9), 8.05 and 11.01% (25 pg, n 5 10) for T 3 and 3.90 and 5.91% (5 pg, n 5 9), 5.96 and 10.88% (80 pg, n 5 9) for T 4 .
Validation was performed by comparing the displacement curves obtained with serial dilutions of larvae extracts with standard curves (T 3 and T 4 ). Data were logit-log transformed to calculate the slopes by linear regression. Parallelism was statistically tested by oneway analysis of variance (ANOVA) between the slopes of standards and sample dilutions. Serial dilutions of whole-body extracts of all species gave parallel displacements to the T 3 and T 4 standard curves (Fig. 1) . Thus, there were no significant (P . 0.1) differences between the slopes after logit-log data transformation. Assay accuracy was also checked by the analytical efficiency tests which gave linear relationships between expected and recovered hormones in extracts (data not shown).
Statistical Analysis
Data are expressed as means 6 SEM. Statistically significant differences at different times during a daily cycle were detected, after log-transformation, by ANOVA followed by Duncan's multiple range test for multigroup comparisons.
Data were expressed and analyzed as both wholebody concentration and total content to avoid possible erroneous interpretations due to changes in body weight during development (Weber et al., 1994) . 
RESULTS
Rana perezi
The T 3 concentration and total content (Fig. 2) at the time of hatching (stage 21/22 G) and at the time when feeding started (stage 25 G) showed no day/night changes. Significant daily fluctuations in T 3 concentration and total content appeared during premetamorphosis (stage 26/27 G), with peak values at midnight, and disappeared during prometamorphosis (stage 40 G) and late climax (stage 45/46 G).
Similarly, there were no significant day/night changes in T 4 concentration and total content (Fig. 3) at embryonic stages (21/22 and 25 G), and the first significant daily changes were detected by stage 26/27 G during premetamorphosis with highest values at midnight. In contrast, lower nocturnal T 4 concentrations and total contents occurred in prometamorphic R. perezi larvae. By the end of climax, no significant daily changes (ANOVA, P . 0.05) in T 4 values were detected, although there was a tendency for higher nocturnal mean concentrations.
The T 3 /T 4 ratio (Fig. 4) exhibited a significant daily cycle from the first sampling period (stage 21/22) and disappeared at the end of climax. Nocturnal values were lower than diurnal ones at both embryonic stages, whereas there was a tendency for higher values at early and late scotophase during pre-and prometamorphosis.
Xenopus laevis
Significant day/night changes in T 3 (Fig. 5 ) and T 4 (Fig. 6) were lower nocturnal T 4 total contents at this stage. At the end of climax (stage 65/66 NF), a significant daily cycle was detected showing again higher night T 3 and T 4 values. The T 3 /T 4 ratio (Fig. 7) showed significant day/night fluctuations during premetamorphosis with maximal values at late scotophase and late climax with lower values during the whole dark period.
Bufo calamita
In B. calamita a significant daily cycle with higher night T 3 and T 4 concentrations and total contents and a concomitant decrease in the T 3 /T 4 ratio was present during prometamorphosis (Fig. 8, left) . At the end of climax (Fig. 8, right) , both T 4 and T 3 concentrations and total contents were lowest at early scotophase. The T 3 /T 4 ratio did not change significantly.
Diurnal total content of T 3 and T 4 rose from stage 40 G to stage 45/46 G approximately 5.5-fold, and there was a 2-fold increase in T 3 and T 4 concentrations, whereas the T 3 /T 4 ratio stayed unchanged. On the other hand, nocturnal T 3 total content and concentration rose 1.4-and 3.6-fold, respectively, whereas a 2-fold decrease appeared for nocturnal T 4 total content, and nocturnal T 4 concentration rose 1.3-fold. The T 3 /T 4 ratio at night increased from stage 40 G to stage 45/46 G.
DISCUSSION
This is the first report on in vivo TH measurements during 24-hr cycles in anuran larvae. Very similar daily profiles for both concentration and total content of TH in the three species were seen with some exceptions. Triiodothyronine and thyroxine day/night fluctuations do not appear until premetamorphosis. How ever, there were diel changes in the T 3 /T 4 ratio prior to this, suggesting possible daily changes in TH utilization and/or degradation, as suggested in R. pipiens (Wright et al., 1986) . Similarly, day/night changes in the T 3 /T 4 ratio in larval stages could indicate daily changes in the peripheral 58-deiodinase activity. Wright et al. (1986) found that T 4 -induced metamorphosis in premetamorphic R. pipiens larvae was faster when this hormone was administered either by the end of the dark phase of daily photocycle or during the first half of the light phase, indicating circadian changes in the T 4 target tissue responsiveness, suggesting a rhythmic production of the endogenous hormone and/or changes in the TH receptor availability. Similar results have been described in X. laevis (Burns et al., 1987) . It has been proposed that the acrophase of the T 4 daily rhythm should occur at the moment of maximum response to this hormone, that is, early photophase or late scotophase (Wright et al., 1986) . However, in R. perezi TH contents are higher by the first half of scotophase, reaching a peak at midnight. One possible explanation for these apparently contradictory results could be that T 4 administration at the moment of maximal endogenous hormone production would not induce a more potent effect, since the receptors would be mostly occupied by the endogenous hormone. Indeed, the same authors have recently found maximum in vitro T 4 secretion within a 4-hr interval beginning around the onset of dark in preclimax R. catesbeiana (Wright et al., 1995) .
The daily pattern of TH differed between species at both prometamorphosis and late climax. Cyclicity disappeared for T 3 , while it was reversed for T 4 , in prometamorphic R. perezi and X. laevis larvae. Similar data have been obtained in prometamorphic Discoglossus pictus (B. Gancedo, M. J. Delgado, and M. AlonsoBedate, unpublished results). In contrast, there were significant day/night changes in both T 3 and T 4 values in prometamorphic (stage 40 G) B. calamita larvae. It seems that TH daily profiles are species dependent. These three species present contrasting phylogenies, habitats, and behaviors. Thus, Xenopus is a tropical ancestral species, whereas Rana and Bufo are temperate species which are included in more recent phylogenetic divisions (Duellman and Trueb, 1986) . Moreover, X. laevis is aquatic, R. perezi semiterrestrial, and B. calamita terrestrial. Although it has been shown that T 4 reduces locomotor or migratory activity in B. japonicus (Tasaki and Ishii, 1990a,b) , it is unclear whether T 4 is involved in terrestrial adaptation in anurans, unlike urodeles (Rankin, 1991) . Furthermore, although many amphibians exhibit nocturnal habits (Sinsch, 1984) , these species have different daily activity patterns, with B. calamita being the one whose activity is more restricted to nighttime (García Paris, 1985) . Feeding mechanisms clearly differ in Xenopus larvae and could affect food intake patterns which are known to influence thyroid function in other vertebrates (Eales, 1988) . In fact, recent results from our laboratory suggest that food availability could be important for the expression of daily thyroid activity fluctuations in R. perezi larvae (B. Gancedo, M. J. Delgado, and M. Alonso-Bedate, in preparation).
The fact that thyroid activity presents such a cyclicity, both in adults (Kü hn et al., 1983; Gancedo et al., 1996) and in larvae of different species (present results), points out that this is a very conservative feature of thyroid function, which has been demonstrated in mammals, birds, and fish (Pathak and ChandolaSaklani, 1988; Leatherland et al., 1992; Bitman et al., 1994) . The physiological significance of the present findings is unknown, but the multiple actions of thyroid hormones suggest that daily cycles of thyroid hormones could act as regulators of diel fluctuations including thermal tolerance (Willhite and Cupp, 1982) .
The present study shows that T 3 and T 4 are measurable in R. perezi and X. laevis embryos at stages as early as hatching (21/22 G, 37/38 NF), and suggests that in amphibians, embryonic TH could be of maternal origin, as previously suggested (Weber et al., 1994) .
The changes in total TH content during ontogeny of the three species studied are similar to those previously described, mainly in plasma, for other anurans. Thus, there are increasing values as metamorphic climax approaches with T 3 at the end of this period being much higher than in prometamorphosis, prob- ably due to a rise in peripheral monodeiodination (Galton and Hiebert, 1988) . This hypothesis is supported in the present study by the increase in the diurnal T 3 /T 4 ratio at this time of development in R. perezi and X. laevis. On the other hand, the data on total TH content in X. laevis support the observation that plasma TH increases in this species at climax (Leloup and Buscaglia, 1977) reflects changes in hormone production and/or metabolism, rather than a decreased water content .
In summary, daily cyclicity is a feature of thyroid activity in anurans and, while TH daily changes appear premetamorphically, day/night variations in TH utilization may be present even earlier. Thus, it is important to consider daily cycles when collecting samples for TH analysis in larval amphibians. Finally, the TH daily profile in anurans changes during ontogeny and varies with species.
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